This study evaluates the performance of the Non-hydrostatic Regional Climate Model (NHRCM) in simulating the present climate over Southeast Asia to determine its applicability in downscaling climate projections in the region. Simulations from 1989 to 2008 are conducted over the region at 25-km resolution using boundary conditions from the ECMWF ERA-Interim dataset. The topographic effect on rainfall is well represented in NHRCM but can result in wet (dry) biases in the windward (leeward) side of mountains. NHRCM is able to reduce the overestimated rainfall in ERA-Interim, particularly over eastern Philippines and in the Maritime Continent, with improvements in spatial patterns. Both seasonality and daily distribution of rainfall are represented in most regions. On the other hand, there is a tendency to underestimate the number of wet days, especially during the respective wet season of the subregion, and to overestimate daily rainfall intensity. NHRCM also has an overall cold model bias, which reduces the warm bias in ERA-Interim, except for some parts of Indochina during boreal winter and spring. These results indicate the improved representation of present climate in Southeast Asia using NHRCM, and its potential applicability in downscaling climate projections to increase projected climate scenarios for the region.
Introduction
Southeast Asia is a region that is highly vulnerable to the impacts of climate change and extreme events, particularly associated with precipitation. Observations have indicated notable changes in climate in the recent decades, including extremes, although the trends in extreme temperature tend to be more statistically significant and spatially coherent compared with extreme precipitation (e.g., Manton et al. 2001; Choi et al. 2009; Endo et al. 2009; Caesar et al. 2011) . Past extreme rainfall events have resulted in heavy flooding in Thailand, Malaysia, Vietnam and the Philippines that have destructive effects on population, infrastructure and the environment (e.g., Tangang et al. 2008; Yumul et al. 2011; Komori et al. 2012) . Furthermore, increases in precipitation extremes associated with monsoons and tropical cyclones are anticipated over the region under a future warmer world (Stocker et al. 2013) . It is therefore necessary to have climate projections with adequate spatial and temporal resolutions to understand the characteristics and behavior of rainfall and its future changes to prepare appropriate measures in response.
While climate projections can be obtained from global climate models (GCM), the spatial resolution may not be enough to resolve regional climate features of areas with complex terrain, e.g., in Southeast Asia. Thus, downscaling methods are applied to GCM output, such as using regional climate models (RCM) to generate climate data at higher resolutions. However, before the RCM is used to downscale climate projections, it is necessary to first evaluate its skill in representing the present climate (Giorgi et al. 2009 ).
Previous studies discussed the high skill of the Non-hydrostatic Regional Climate Model (NHRCM) of the Meteorological Research Institute (MRI) in representing the present climate of Japan, including heavy precipitation frequency, and has since been used in producing high-resolution climate projections for the country (e.g., Sasaki et al. 2008; Murata et al. 2015) . Recently, Cruz et al. (2016) found an overall cold (−0.90°C to −0.42°C) and dry (−62.13% to −25.20%) bias for the present climate in the Philippines, which depends on the boundary conditions and convection schemes. In Vietnam, Kieu-Thi et al. (2016) noted the tendency of NHRCM to overestimate rainfall. However, both studies indicate the model's ability in simulating the seasonal temperature, winds and rainfall patterns, particularly areas with heavy rainfall. Therefore, there is high potential in applying the regional climate model for Southeast Asia, where there are currently limited available high-resolution climate projections.
This study examines the performance of NHRCM in characterizing the present climate in Southeast Asia, particularly features associated with rainfall, before it will be used in downscaling climate projections for the region. It is an initial step in contributing to the Southeast Asia Regional Climate Downscaling/Coordinated Regional Climate Downscaling Experiment-Southeast Asia (SEACLID/CORDEX-SEA) Project Ngo-Duc et al. 2016 ; see http://www.ukm.edu.my/seaclid-cordex), which aims to understand the impacts of climate change in Southeast Asia, and to provide a comprehensive range of high-resolution climate change scenarios for the region from multiple representative concentration pathway (RCP) scenarios, GCMs and RCMs. The additional use of this RCM can help address the potential source of uncertainty related to the RCM used in downscaling (e.g., Giorgi et al. 2009 ) by comparison and consolidation with other RCM output, e.g., from the Abdus Salam International Centre for Theoretical Physics (ICTP) regional climate model (RegCM4.3), to increase the robustness in climate projection information in the region.
Design of model experiment and evaluation
NHRCM is a regional climate model based on the Non-hydrostatic Model (NHM) (Saito et al. 2006; Sasaki et al. 2008) . Parameterization schemes are used for processes that cannot be explicitly resolved, including the Kain-Fritsch scheme for cumulus convection (Kain and Fritsch 1993; Yamada 2003; Ohmori and Yamada 2004) following the configuration described in Cruz et al. (2016) . The improved MRI/JMA Simple Biosphere (iSiB) model with Zeng et al. (1998) surface layer flux scheme is used to represent the land surface in the model. In addition, the spectral nudging scheme based on the spectral boundary coupling (SBC) method (Kida et al. 1991; Sasaki et al. 2000) is also used in the simulations to maintain the large-scale field of the boundary condition in the nested domain (Nakano et al. 2012 ). This method is applied to nudge the longwave components of potential temperature and horizontal momentum above a 7 km height at a 20-minute
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In order to assess the model performance over Southeast Asia, model output is compared with daily temperature and rainfall data over land from the 0.25° resolution Asian Precipitation-Highly Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) project (AphroTemp_V1204R1 and APHRO_MA_V1101R2; Hamada et al. 2011; Yasutomi et al. 2011; Yatagai et al. 2012 ; http://www.chikyu.ac.jp/precip). Model temperature values over land points have also been corrected using the difference between actual and model elevation and a temperature lapse rate of 6 °C km −1
, similar with APHRODITE (Yasutomi et al. 2011) . For this purpose, terrain elevation data at 0.25° resolution is obtained from the Global 30 Arc-Second Elevation Data Set (GTOPO30) (Yaxing et al. 2009 ). Furthermore, ECMWF ERA-Interim reanalyses data at 0.25° resolution, bilinearly interpolated from its native model resolution, was also used in the analysis to identify regional climate features that may be better represented in NHRCM. The analysis period for the model output is from January 1989 to December 2007 since the coverage of the APHRODITE dataset is until December 2007. A regional analysis is also conducted over 20 subregions in the domain (see Fig. 1 ) defined by Juneng et al. (2016) , which was based on precipitation climatology in the literature. Figure 2 shows the ability of NHRCM to represent seasonal patterns in rainfall and winds over Southeast Asia, consistent with the findings of Cruz et al. (2016) and Kieu-Thi et al. (2016) . In June to August (JJA), the southwest monsoon from the Indian Ocean brings high rainfall, particularly over Indochina and the Philippines while relatively dry southeast winds flow over Indonesia (Figs. 2b and 2c) as observed (e.g., Wang and LinHo 2002; Aldrian and Susanto 2003; Nguyen-Le et al. 2015) . Rainfall over the wet areas, e.g., along the windward side of the coastal regions and mountains in the Philippines, Indochina, Borneo and West Papua, tends to be higher in NHRCM compared with ERA-Interim, interval with 24 and 12 mode numbers in the x-and y-directions, respectively, and a weighting factor set to 1.
Results and discussion

Rainfall
Simulations have been done over a domain (17.39°S to 31.48°N; 79.77°E to 181.74°E), as shown in Fig. 1 , at 25-km resolution with 50 vertical levels. While this area includes the western section of the Pacific Ocean, the analysis in this paper will focus on Southeast Asia. Boundary conditions have been obtained from the 0.75° resolution ECMWF ERA-Interim reanalysis (Dee et al. 2011) , following the framework for model evaluation of the CORDEX project, which allows some comparison with other RCMs (Giorgi et al. 2009; Juneng et al. 2016; Ngo-Duc et al. 2016) . The model is run for 20 years, starting from April 1988 to May 2009. Each year is run in parallel consisting of 14 months starting from April. The first two months is discarded to account for model spin-up. but is evident in the observations (Fig. 2a) . Despite this wet bias, Kieu-Thi et al. (2016) notes that the model agreement in areas of heavy rainfall in Vietnam and Cambodia may be due to better representation of topography in NHRCM. Ogino et al. (2016) also discussed the high precipitation over tropical coastal areas, whose contribution to the total precipitation in the tropics was estimated at about 34%. On the other hand, a rain shadow effect is noted in NHRCM output on the leeward areas, e.g., in Indochina and the Philippines, such that these areas have low rainfall because the interaction of the moist monsoon flow with high terrain enhances rainfall on the windward side of the mountains (Chang et al. 2005) . NHRCM also tends to produce a slightly stronger westerly flow east of the Philippines and an area of high rainfall over the ocean, west of Sumatra, compared with ERA-Interim (Figs. 2b  and 2c ). There is a reversal in the southwesterly flow during September to November (SON) with a cyclonic circulation over the West Philippine Sea (East Sea) and northeasterly winds over the northern region (not shown), consistent with Kieu-Thi et al. (2016) . In December to February (DJF), the northeasterly winds over the Philippines and Indochina, and the wet northwesterly-westerly winds over Indonesia are represented (Figs. 2e and 2f ) , as well as the precipitation along the east coasts of the Philippines and Central Vietnam (e.g., Aldrian and Susanto 2003; Nguyen-Le et al. 2015; Cruz et al. 2016 ). The topographic effect on rainfall over Borneo and West Papua is captured in the model albeit overestimated (Fig. 2f ) . The prevailing easterlies in March to May (MAM) are also represented in NHRCM (not shown).
On a regional scale, Fig. 3a shows the rainfall bias in NHRCM differs per season and per region. The model tends to reduce the wet bias in ERA-Interim, e.g., over eastern Philippines and the equatorial region. However, NHRCM overestimates rainfall in regions R5, R8 and R20, which may be due to the topographic effect of high mountains. Relative to APHRODITE, the seasonal mean bias averaged over all land points in Southeast Asia ranges from 20.0% (DJF) to 29.8% (MAM) in NHRCM. These values are lower than ERA-Interim biases, which range from 49.2% (JJA) to 79.2% (DJF) (Fig. 3a) . Furthermore, NHRCM has high seasonal spatial correlation values (above 0.6) particularly over Indochina Peninsula (R15−R18) from boreal summer to winter (Fig. 3b) . Compared with ERA-Interim, rainfall patterns can also be more correlated in NHRCM over the Maritime Continent, such as in Peninsular Malaysia (R13), but may also be less correlated in other regions, similar with Juneng et al. (2016) . However, APH-RODITE is noted to have lower precipitation values over high terrain (e.g., Vietnam, as noted in Kieu-Thi et al. (2016) ) and the equatorial area, which may be due to differences involved in data processing (Yatagai et al. 2012; Juneng et al. 2016) .
To understand these model biases, rainfall seasonality in each region is also examined, which shows the model's tendency to underestimate rainfall during the wet season (Fig. S1 ). This is noted during JJA over Indochina (R16, R18, R19), except in R20 where simulated rainfall is higher than observed, especially on the windward side of mountains and along the coast of Myanmar. While seasonal model rainfall is close to observed in R1, it is underestimated in R2 from May to December, also shown in Cruz et al. (2016) , where tropical cyclones (TC), northeast monsoon, and the Intertropical Convergence Zone (ITCZ) also contribute to rainfall in this region (Yumul et al. 2011; Pullen et al. 2015; Cinco et al. 2016) . Nonetheless, NHRCM is closer to observed compared with ERA-Interim in this region. The dry bias in R2, R16, R18 and R19 during the summer monsoon season may be a consequence of a rain shadow effect in the model, as discussed earlier. Alternatively, this may also result from underestimated TC activity of NHRCM over the East Sea (West Philippine Sea), especially from May to August (Kieu-Thi et al. 2016) . From March to November, simulated rainfall is close to observed over the equatorial region in R3, R6, and R9 to R13, but tends to underestimate rainfall during DJF (Fig. S1 ). Rainfall over the Maluku islands (R7) starts to decline from April, instead of June, similar to ERA-Interim, and there is no increase in December. Rainfall over this region is driven by the enhanced convection forced by warm temperatures of the surrounding ocean, which is also along the path of the Indonesian Throughflow (Aldrian and Susanto 2003) . While the model was able to capture rainfall peak during March to April in R14, there is no discernible secondary peak during October to November, even if present in the boundary condition. According to Aldrian and Susanto (2003) , these two peaks are associated with ITCZ movement. The topographic effect is most evident in R8 over West Papua, where rainfall is overestimated throughout the year. Comparison of output from NHRCM and RegCM4.3 shows similarities in the annual rainfall cycles, particularly with the Grell convective scheme .
In terms of frequency distribution of daily rainfall, there is a tendency of the model to generate more extreme values, i.e., at both lower and upper tails. Figure 4 shows more days with low rainfall in the model output, which lowers the median value. In terms of intense rainfall, the 99th percentile values in the model are comparable with APHRODITE over most regions (Fig. 4) . The percentage difference exceeds 100% in R6, R8, R14 and R20 in JJA, and in R8, R10, R14, R17 and R20 in DJF. The dry bias in the model is also indicated in Figure 5a , which shows fewer wet days almost everywhere, particularly during the respective wet season of each region. On the other hand, there is a positive bias in the daily rainfall intensity such that the model rainfall tends to be slightly higher during wet days (Fig. 5b) . This is notable (above 5 mm day −1 ) over R1, R8 and R20 in JJA, and over R5, R8 and R10 in DJF.
Temperature
In terms of temperature, Fig. 6a shows an overall cold model bias. The seasonal mean difference in temperature averaged over the 20 subregions (land only) ranges from −0.78°C (JJA) to −0.23°C (MAM), relative to APHRODITE. The temperature bias is less in ERA-Interim, which ranges from −0.44°C (DJF) to −0.17°C (JJA). However, warm biases can be found over parts of Indochina in DJF and MAM, and over the Maritime Continent (Fig. 6a) . Examination of the surface fluxes in the model indicates that the cold bias occurs over areas where either the latent heat flux is higher than the sensible heat flux or the sensible heat flux is negative (i.e., direction is toward the surface). However, the warm bias noted over Indochina may be due to higher sensible heat flux and downward shortwave radiation during DJF and MAM (not shown). Seasonal mean temperature is strongly correlated (above 0.75) over all regions except for R9, where correlation is also low in ERA-Interim (Fig. 6b) .
Conclusion and recommendations
This study showed the performance of NHRCM in representing spatial and temporal characteristics of the present climate over Southeast Asia. Comparison with APHRODITE shows that the topographic effect on rainfall is represented well in NHRCM but can result in wet (dry) biases in the windward (leeward) side of mountains. NHRCM reduces the rainfall overestimation in ERA-Interim over eastern Philippines and the Maritime Continent, where spatial patterns may be more consistent with observations. The model is able to represent daily rainfall distribution in most regions but has a tendency to underestimate the number of wet days, especially during the wet season of that region. On the other hand, daily rainfall intensity tends to be overestimated in some areas, such that rainfall is higher than observed during wet days. NHRCM also has an overall cold model bias, unlike the warm bias in ERA-Interim, except for some parts of Indochina during boreal winter and spring.
There are several limitations in this study. For example, the model evaluation is done relative to APHRODITE, which has its own limitations, especially for areas with high terrain and in the equatorial region (Yatagai et al. 2012; Kieu-Thi et al. 2016) . However, this dataset shows comparable rainfall characteristics as indicated in station data in Southeast Asia, e.g., in the extreme rainfall trends (Villafuerte and Matsumoto 2015) . While drivers of the seasonal rainfall in the region have been identified in the discussion, further study is required to determine which of these processes may not have been adequately represented in the model that contributes to the model biases. Nevertheless, NHRCM has demonstrated its skill in representing present climate over Southeast Asia, which still varies depending on the region and season, and its applicability in downscaling the climate projections for the region.
